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) are the namesake for the Calico Hills in the southwestern Nevada Test Site. Bedding in these volcanic rocks defines an elliptical half-dome that is presumed to have formed during late Miocene intrusion and uplift of the dome core (Maldonado and others, 1979) . Subsequent erosion through the volcanic cover has exposed Devonian and Mississippian strata that are the focus of this report. The central Calico Hills, covering a little more than 12 sq. km, show detailed features of a stratigraphic sequence that is unique in the Nevada Test Site area, and display extremely complicated structures formed during several stages of contractional and extensional deformation. The Calico Hills area contains some of the best evidence for the style and timing of major deformational events in this part of southern Nevada.
The first detailed geologic mapping in this area was completed by McKay and Williams (1964) in the southern Calico Hills, and by Orkild and O'Connor (1970) in the northern Calico Hills. These mappers recognized that the mixed carbonate and siliciclastic strata exposed here, identified as Devonian and Mississippian from limited macrofossil data, were distinct from more typical southern Nevada sections exposed farther east and south and did not correlate them with other Nevada Test Site area units. Dominantly shaley units in the eastern Calico Hills were correlated by McKay and Williams (1964) with the upper part of the Mississippian Eleana Formation (Poole and others, 1961) on the basis of lithologic similarities. Orkild and O'Connor (1970) extended the correlation with the Eleana Formation to more diverse sandstone-siltstone units and to bedded chert and argillite that crop out in the northern Calico Hills. In both early maps, all contacts between the dominantly carbonate units and the dominantly siliciclastic units were portrayed as faults. Simonds and Scott (written commun., 1994) remapped parts of the Calico Hills area to examine the Tertiary history of faulting and hydrothermal alteration. They studied the Tertiary-Paleozoic contact in particular to evaluate whether it was a tectonic element of an hypothesized regional low-angle extensional fault complex (Scott, 1990 ). They did not resolve the stratigraphic nomenclature or correlation of the Devonian and Mississippian rocks between the Calico Hills and other localities, but did recognize several distinctive units within the carbonate section and mapped their distribution at 1:12,000-scale. Simonds and Scott (written commun., 1994) concluded that the TertiaryPaleozoic contact is an erosional unconformity marked by a widespread gravel conglomerate deposit, and that the Paleozoic core of the Calico Hills was not greatly affected by Tertiary normal faults that displace the volcanic rocks. However, they noted large masses of strongly brecciated dolomite in structural positions above less-brecciated carbonate strata and beneath the Tertiary volcanic rocks. They interpreted these breccia lenses to have formed as near-surface landslides or debris flows prior to deposition of the Miocene gravel conglomerate that underlies the volcanic strata (Simonds and Scott, written commun., 1994) .
Our initial reconnaissance in the Calico Hills in late 1994 convinced us that the Paleozoic rocks of the Calico Hills displayed a consistent, mappable, internal stratigraphy. Further, it was apparent that structures preserved in these rocks contained considerable information about timing and style of deformation not seen elsewhere in the Nevada Test Site vicinity. We identify ten informal stratigraphic units in this report within the assemblage of previously uncorrelated Middle Paleozoic strata. In addition, we present considerable new biostratigraphic data that allow these units to be compared with formally recognized units of similar age in southern Nevada.
Our detailed mapping (1:6,000-scale) shows that the principal pre-Tertiary structural element is an east-vergent thrust that emplaced the informal Devonian-Mississippian units eastward over the Chainman Shale in the direction of the foreland (Cole, 1997; Cole and Cashman, 1998) . This thrust and the related folds in the hangingwall block are in turn overprinted by kink bands and large-scale overturned folds that verge toward the northwest and north in the direction of the hinterland . Most contacts between stratigraphic units in the Calico Hills are depositional, rather than structural, but the overprinted deformations produce widespread brecciation in some units. This brecciation can be difficult to interpret without the broader structural context of the area. Our work shows that more than four-fifths of the carbonate breccias mapped by Simonds and Scott (written commun., 1994) as landslide or debris-flow deposits are instead internal breccias caused by folding of a particularly rigid Lower Devonian dolomite unit. We conclude that the other one-fifth of the dolomite breccias probably formed above local extensional normal faults, as described below.
Stratigraphic synthesis and regional paleogeographic analysis for the Paleozoic rocks in this area are contained in Trexler and others (1996) and Trexler and Cashman (1997) and summarized in Cole and others (1994) . The structural context of the Calico Hills area is shown schematically in fig. 1 . Discussion of the regional structural interpretation and evidence for timing and direction of emplacement of principal thrust plates is contained in Cole and Cashman (1998) and in Cole (1997) .
STRATIGRAPfflC NOTES
The oldest rocks exposed in the Calico Hills consist of a Lower and Middle Devonian sequence of dolomite and limestone that is informally designated in this report as the Rocks of Calico Mines. Pre-existing biostratigraphic data and several new conodont identifications (table 1) show that this sequence is Lower and Middle Devonian. The Rocks of Calico Mines are therefore broadly contemporaneous with the upper Sevy Dolomite and lower Simonson Dolomite that were deposited farther east on the continental shelf (Johnson and others, 1988) . In contrast to the Sevy-Simonson, the Rocks of Calico Mines contain common debris-flow beds, especially in the upper alternating unit Dc4, that indicate deposition in deeper water outboard of the continental shelf edge. In terms of lithology and sedimentological character, the Rocks of Calico Mines sequence is similar to the Rocks of Tarantula Canyon (Monsen and others, 1992) in the Bare Mountain area 30 km to the west, and to unnamed strata in the Carbonate Wash area 60 km to the north-northeast ( fig. 1 ; Trexler and others, 1996) .
The contact between the Rocks of Calico Mines and the overlying Rocks of North Pass is an unconformity. The contact is marked by conglomerate-filled channel deposits in a few localities (for example, south of Origami Peak), and this basal contact locally truncates individual beds in the Rocks of Calico Mines sequence. Biostratigraphic data (table 1) show that the base of this sequence is upper Famennian (uppermost Devonian; Johnson and others, 1991) , and thus most of the Famennian and Frasnian stages are missing across the unconformity.
Coincidentally, this hiatus between the two sequences includes the time of the Alamo impact event, an hypothesized bolide impact on the carbonate shelf approximately 110 km northeast of the Calico Hills (Warme and Sandberg, 1996) . The duration of the depositional hiatus at Calico Hills indicates the gap was more likely caused by tectonic and eustatic factors and not by a singular impact event.
The overlying Rocks of North Pass sequence contains six informal sub-units, which consist largely of fine-grained siliciclastic deposits with locally prominent limestone intervals. The dominantly siliceous nature of the lower part of this sequence contrasts markedly with the underlying carbonate rocks, and indicates a significant change in clastic source areas following the hiatus.
The lowermost brown siltstone unit Dnl of the Rocks of North Pass consists of thinbedded quartzose siltstone, with local discrete lenses of quartz arenite. The brown siltstone unit is abruptly overlain by a black argillite and chert unit MDn2 that is characterized by very even bedding and monotonous uniformity. Both of these lower units appear to have accumulated in quiet water under balanced conditions of sediment influx and rate of deposition, most likely in fairly deep water. Units Mn3, Mn5, and Mn6 of the Rocks of North Pass contain substantial limestone. These limestones are generally similar to each other and are fine-to medium-grained packstones that contain sparse macrofossils (calcareous spicules and spherules, sparse small brachiopods, and minor crinoid fragments). Well rounded quartz sand lag deposits are conspicuous on local bedding surfaces. Intraformational breccia beds are locally present in the limestone units of the Rocks of North Pass and indicate debris-flow transport from shallower-water source areas.
The red siltstone and sandstone unit (Mn4) is the only unit in the Rocks of North Pass that contains conspicuous detrital chert. The chert occurs as grains and pebbles in sandstone beds, pebbly mudstone beds, and in rare conglomerate with cobbles as large as 10 cm in diameter. The presence of chert clasts indicates some sedimentary influx from western and northern source areas where debris was transported from the Antler erogenic belt into foreland basins (Trexler and others, 1996) . Otherwise, most of the Rocks of North Pass contain quartzose and calcareous detritus that probably came from more eastern source areas on the continental shelf The Rocks of North Pass are distinct from most other Famennian and Kinderhookian sections in the region (Trexler and others, 1996) , but share some features with rocks designated as Eleana Formation north of Tarantula Canyon at Bare Mountain, 30 km west of the Calico Hills ( fig. 1 ). The siliciclastic sequence at Tarantula Canyon consists of flaggy siltstone (Famennian) above much older debris-flow dolomite (Eifelian). This siltstone is overlain by monotonous black bedded chert and siliceous argillite. The chert and argillite are in turn overlain by interbedded limestone and chert-lithic conglomerate that are at least as old as Osagean (Trexler and others, 1996) .
A fault-bounded block of heterogeneous strata at the summit of Raggedy Hill is mapped as Eleana Formation on the basis of its lithic assemblage, although we are not confident this correlation is correct. The truncated section in this isolated block contains coarse chert-pebble conglomerate, thin beds of black chert, orange-weathering bioclastic limestone, and red siltstone. This assemblage has conspicuously coarser clastic beds and more diverse rock types than in any of the other units exposed in the Calico Hills, but is similar to many parts of the Eleana Formation in the Yucca Flat area, 30 km to the northeast (Trexler and others, 1996; Trexler and Cashman, 1997) . Because the Eleana was deposited in more westerly, offshore settings in the axial trough of the Antler foreland basin, the Eleana correlation for this block on Raggedy Hill implies significant lateral transport by foreland-vergent thrusting. However, we cannot rule out that this block may have been derived from an unusually heterogeneous part of the red sandstone and siltstone unit (Mn4) in the Calico Hills.
We correlate the uniform shale in the southern Calico Hills with the Chainman Shale of the Nevada Test Site region (Trexler and others, 1996; Cole, 1997) . It is similar to the Chainman in the CP Hills to the east and with the Chainman in the Syncline Ridge area to the northeast in that it contains thin lenses of cross-bedded fine litharenite, carbonate debris-flow beds with abundant macrofossil fragments and grains of rounded chert, and local beds of impure quartzite. Biostratigraphic data from outcrop samples (table 1) indicate deposition during the Osagean through Chesterian stages, but these results cannot be placed in stratigraphic context because the outcrop quality is poor and because bedding attitudes are quite variable.
Drillhole UE-25a-3 in the southern Calico Hills produced about 770 m (2530 ft) of continuous core, as described by Maldonado and others (1979) . The upper 720 m (2364 ft) of core consists of monotonous shale; several tens of meters of interbedded limestone and shale pass into continuous limestone (recrystallized to marble by contact metamorphism around Miocene intrusions; Maldonado and others, 1979) down to the bottom of the hole. Detailed logging by D. Herring (written commun., 1994) , including petrographic and X-ray study, indicates the section penetrated in the well is probably continuous and shows no sign of major replication. Bioclastic limestone beds that crop out near the UE-25-a3 drillsite contain lower to middle Chesterian microfossils (table 1) . Two samples of the bottom-hole carbonate rock were processed for conodonts for this study but both were barren. We would nevertheless expect that these limestones were deposited in Frasnian time (Late Devonian), similar to limestone immediately beneath the Chainman at CP Hills (Trexler and others, 1996) .
FORELAND-VERGENT STRUCTURES OF THE CALICO THRUST
The principal structure in the Calico Hills related to foreland-vergent deformation is the Calico thrust. This prominent fault is more-or-less continuously exposed across the central part of the area and places various units of the Devonian-Mississippian sequence from southwest to northeast over the Mississippian Chainman Shale (cross-section A-A'). The upper plate of the Calico thrust displays a well exposed hanging wall anticline just west of the Gray Knobs, where bedding in the eastern (leading) limb is overturned eastward (fig. 2) . Farther north toward Discovery Hill, local warps and kinks show eastward-overturning in upper plate beds near the trace of the Calico thrust.
The footwall Chainman Shale is locally folded into an eastward-overturned syncline immediately adjacent to the Calico thrust, for example, immediately west of the Gray Knobs and south of Blackledge Hill. The Chainman is poorly exposed in general and evidence for facing direction can only be obtained from grading in bioclastic limestone beds or from cross-stratification in quartzite beds. Nonetheless, sufficient measurements of clearly overturned beds were obtained to confirm the presence of east-vergent folding near the thrust in many locations.
West of the leading edge of the Calico thrust, several major folds within the upper plate are interpreted to have formed during thrust emplacement. The most conspicuous of these structures is the syncline outlined by the lower units of the Rocks of North Pass in the area north of Origami Peak ( fig. 3a) . These folds trend generally northward between Raggedy Hill and Discovery Hill, parallel to the leading edge of the thrust, and preserve eastward-vergent asymmetry or overturning (except where modified by younger deformation). Northwest-trending, relatively upright folds in the lower alternating dolomite unit of the Rocks of Calico Mines (Del) at Corduroy Hill are interpreted to belong to this generation of folding. We interpret the somewhat irregular trend and form of these folds to result from the brittle, massive nature of the thick-bedded dolomites in this unit and to the fact that folding was accompanied by widespread internal brecciation.
NORTHWEST-DIRECTED HINTERLAND-VERGENT STRUCTURES
Map patterns and structural trends in the Calico Hills are greatly complicated by the superimposed effects of contractional deformation that post-dates the east-vergent Calico thrust. The most conspicuous younger structures record vergence toward the northwest, as described in this section. These folds and kinks are well displayed in a broad northeast-trending zone that traverses the Calico Hills from approximately Origami Peak to Discovery Hill..
Hinterland-vergent folding with the northwestward sense of overturning deforms the Calico thrust and produces the conspicuous jog in the trace of the thrust in the central part of the Calico Hills. At Blackledge Hill, a prominent 4-m thick black dolomite debrisflow bed illustrates the sense and style of this folding. Along a traverse from west to east, north-dipping beds in the Rocks of Calico Mines strike progressively more northeastward as they steepen and eventually overturn toward the northwest to form an overturned syncline. Farther north-northwest along strike of the same beds, stratal orientation flips abruptly back to moderate northerly dips as the hinge surface of an overturned anticline is crossed. In detail, the folding takes place through a broad zone of distributed shear (see cross-section B-B') with numerous local dip reversals, but the net effect is represented by the overturned syncline-anticline pair.
This refolding also deforms the eastern limb of the large first-generation syncline in the Rocks of North Pass at Origami Peak ( fig. 3) . The brown siltstone unit Dnl appears abnormally thick on this east limb because it is repeated by northwest-verging kinks and folds (cross-section B-B'). The geometry of small-scale refolded folds on the south side of Origami Peak shows that the younger set is the one that verges toward the northwest ( fig. 3b ). This locality contains the clearest outcrop-scale evidence for the sequence of folding in the Calico Hills and was named Origami Peak for its well preserved interference folds .
Cross-section C-C' illustrates a fold in the Calico thrust. The Rocks of Calico Mines in the hangingwall map out a moderate-scale anticline that plunges gently northward and has a steep to overturned western limb. The trend of this fold is distorted by still younger deformation at Flip-Flop Peak (see below), but is interpreted to have initially formed during the northwest-verging hinterland-directed deformation.
(a). First-generation structures. Filled star = measured axis of mesoscopic first-generation fold that has been refolded in the second generation. Vergence is toward the northeast, as shown by the orientation of overturned bedding.
(b). Second-generation structures. Vergence is toward the northwest, as shown by the orientation of overturned bedding. Note that the cluster of refolded first-generation fold axes in (a) above plot near the axis of second-generation folding shown here. Northwest-vergent folding is also evident in the area of the Calico mines where refolding of the original north-trending folds produces egg-crate outcrop patterns. Just east of Castle Bowl and between the two mine shafts, the brown siltstone unit Dnl of the Rocks of North Pass is abnormally thin around the limbs of a bowl-shaped syncline that preserves a relic of the black argillite and chert unit Mdn2. Refolded folds within the brown siltstone unit on the southwest corner of this syncline show that the northwestverging structures are the younger set.
These map-scale folds that formed during the northwest-verging deformation are the most conspicuous indicators of the structural overprint on the Calico thrust structures. Outcrop-scale kinks and isolated folds that also formed during this phase are present in many locations in the central Calico Hills but they are too small to affect the trace of unit contacts. These younger structures are preferentially developed in beds that formed the west-facing limbs of the first generation folds.
NORTH-SOUTH CONTRACTIONAL STRUCTURES
The very latest set of pre-Tertiary structures recorded in the Calico Hills formed in response to contraction oriented approximately north-south. Map-scale folding related to this event is only known in the southwestern Calico Hills between Whitetop Peak and Flip-Flop Peak and in the northern Calico Hills on the south slope of Pebbly Gulch. Small-scale kinks and warps that are also inferred to have formed during this last contraction were measured at widely scattered locations, but these do not affect map patterns of unit contacts.
The dramatic overturning at Flip-Flop Peak is illustrated on the western half of crosssection C-C'. Bedding in the upper plate of the Calico thrust in this locality can be traced westward from upright, gentle north dips to progressively steeper attitudes, and finally to attitudes that are strongly overturned toward the north (fig. 4) . Most of the south slope of Flip-Flop Peak contains south-dipping beds that form the overturned upper limb of this nearly recumbent syncline. The hinge zone is not well exposed because the fold has a chevron profile, but the lower limb of the fold is defined by upright, north-dipping beds on the lower slopes of this Peak and in the canyon to the south. Refolded folds exposed locally on the north slope of Flip-Flop Peak show that this north-vergent folding deforms pre-existing northwest-vergent folds (fig. 4) .
Geometrically similar folding is defined by bedding attitudes and the outcrop pattern of the Rocks of Calico Mines on the north face of Whitetop Peak. The north-verging overturned syncline there is most likely the same fold exposed at Flip-Flop Peak to the east, but it has been displaced downward by about 240 m (800 ft) across the prominent west-dipping normal fault (cross-section B-B').
(a). ~ Second-generation structures. Square = pole to axial-plane cleavage; filled star = measured axis of mesoscopic second-generation fold. Vergence is toward the northwest, as shown by the orientation of overturned bedding.
(b). Third-generation structures. Filled star = measured axis of mesoscopic second-generation fold that has been refolded in the third generation; square = pole to axial surface of third-generation fold. Vergence is toward the north, as shown by the orientation of the axial surface. The small syncline on the south slope of peak VABM Calico also appears to have formed in response to north-south contraction. It is defined by defined by bedding attitudes and the outcrop pattern of the Dc4-Dnl contact. Although its trend is highly irregular in detail, and northwesterly overall, small-scale flexures in the north-facing limb show consistent asymmetry toward the north.
The pre-Tertiary structure that is covered by Miocene volcanic rocks along Calico Crest appears to be fairly simple. The contact between Dnl and MDn2 strikes east-west under Calico Crest and dips northward to form the south limb of a major syncline. The upper units Mn4, Mn5, and Mn6 of the Rocks of North Pass generally dip southward in the Pebbly Gulch area to form the north limb of the same syncline. The limestone beds in this north limb locally show mesoscopic folding that indicates south-vergent contraction as shown on the map, which we interpret to be due to the youngest deformation. The origin of the larger-scale syncline (covered beneath Calico Crest) is less clear. On the basis of scale alone, it would seem most likely that it originated with the foreland-vergent deformation, but its present east-west orientation may result from the youngest (northsouth) contraction, or from modification of its original trend imposed during the northwest-vergent hinterland-directed folding.
STRIKE-SLIP FAULTS
One mapped fault and one inferred fault in the area of the Calico mines displace map units in a manner that indicates strike-slip offset. The trace of the Calico thrust east of the campsite (ruins) is not continuous with its expected position if projected from outcrop in the area of the Gray Knobs, for example. The displaced block is bounded by a mapped sinistral fault on the north and by a dextral fault that is buried by colluvium on the south near the Calico Mines. These two faults, in conjunction, appear to act as tear faults in the Calico thrust plate. Sinistral displacement is indicated on the mapped fault because it displaces both east-and west-dipping features in that sense. Displacement on the buried fault is inferred to be dextral from offsets of both east-and west-dipping features, and by the mismatch of fold-axial trends on either side of the fault. Horizontal slip on the order of 150 to 250 m is inferred for each of these tear faults.
LOW-ANGLE NORMAL FAULTS
Numerous isolated blocks of strongly brecciated dolomite are bounded below by low-angle faults in several localities in the Calico Hills. The rocks in most of these blocks can be identified as either the lower alternating unit Del or the upper alternating unit Dc4 of the Rocks of Calico Mines. Most blocks rest on Chainman Shale. The orientation of relict bedding in these blocks (difficult to determine due to the internal brecciation) does not appear to be systematically related to adjacent blocks or to the orientation of bedding in the Calico thrust plate. The blocks are thus not erosional remnants of a once-continuous fault block. The inferred slope directions of the bounding faults are irregular in detail but, taken together, seem to dip radially away from a position near the (present-day) Calico Crest. These geometric characteristics suggest the blocks moved largely independent of each other.
The very large block of displaced dolomite on Chainman Shale at Bald Hill is mapped as an extensional fault block for several reasons. Brecciation is noted in the lower part of the dolomite block, although it is inconspicuous on the east side of the hill due to Miocene recrystallization. Bedding in the dolomite is truncated by the fault contact against the Chainman, especially on the north side of the block. These two field relations are typical of extensional fault complexes noted in the Test Site area (Cole and others, 1989; Cole and Cashman, 1998) . In addition, these relations are both inconsistent with observed characteristics in the upper plate of the Calico thrust as displayed nearby at Gray Knobs.
The extensional faulting at Calico Hills is only known to be older than the sedimentary breccia and conglomerate, which is slightly older than 13.0 Ma (Simonds and Scott, written commun., 1994; Wahl and others, 1997) . Extensional fault blocks of similar character are exposed in the Mine Mountain area and the CP Hills, located east and northeast of the Calico Hills in the eastern Nevada Test Site ( fig. 1 ). Detailed kinematic studies at Mine Mountain by Hudson (Cole and others, 1989, 1994; Hudson and Cole, 1993) show that the youngest slip sense in all cases was extensional, and Cole and Cashman (1997) conclude that the amount of displacement was not large. Extensional displacements on low-angle normal faults elsewhere in this region are known to predate Oligocene volcanic deposits in the Belted Range (Cole, 1997) , and circumstantial evidence strongly suggests similar deformation near northern Yucca Flat is older than Late Cretaceous (Cole and others, 1993) . The available evidence does not admit any further comparisons; all the low-angle normal faults in this diverse region may be old (pre-Cenozoic), or separate extensional events may have produced similar fault systems at different times.
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